We report the observation of blue photoluminescence ͑PL͒ from highly photoexcited rutile TiO 2 single crystals at room temperature. Under extremely high-density excitation, we found an anomalous dependence of the PL dynamics and intensity on the excitation density. By considering the nearly degenerate conduction bands of rutile, we revealed that the PL behavior is determined by the electron density in the lower-energy conduction band. The PL decay dynamics is well explained by the simple model involving two-body radiative recombination and three-body Auger recombination processes. We discuss the origin of the blue PL band. DOI: 10.1103/PhysRevB.82.113103 PACS number͑s͒: 78.55.Ϫm, 72.20.Jv, 78.47.DϪ Transition-metal oxides and their heterostructures have attracted a great deal of attention as new device materials due to their wide variety of fascinating and multifunctional properties beyond those of conventional semiconductors. TiO 2 is a wide-gap semiconductor with a band-gap energy of 3.0 eV. From both a technological and a fundamental physics viewpoint, it is one of the most important oxide materials. Due to its large dielectric constant and strong electron-phonon coupling, the anomalous electronic conduction in rutile has been of considerable interest in conjunction with unusual band structures. [1] [2] [3] In recent years, increasing attention has been paid to the unique and functional optical properties of TiO 2 , as it is used in photocatalysts, 4 transparent conducting materials, 5 and dye-sensitized solar cells. 6 As the characteristics of the photocatalytic reaction and solar-energy conversion are governed by photocarriers, which promote a chemical reaction or generate electric potential, it is important to study the photocarrier dynamics and transport processes. Although extensive time-resolved microwave photoconductivity, 7 transient absorption, 8 terahertz spectroscopy, 9 time-resolved reflectance, 10 and other similar studies have been made, the carrier dynamics, which determines the electronic properties of TiO 2 , still remains unclear.
Transition-metal oxides and their heterostructures have attracted a great deal of attention as new device materials due to their wide variety of fascinating and multifunctional properties beyond those of conventional semiconductors. TiO 2 is a wide-gap semiconductor with a band-gap energy of 3.0 eV. From both a technological and a fundamental physics viewpoint, it is one of the most important oxide materials. Due to its large dielectric constant and strong electron-phonon coupling, the anomalous electronic conduction in rutile has been of considerable interest in conjunction with unusual band structures. [1] [2] [3] In recent years, increasing attention has been paid to the unique and functional optical properties of TiO 2 , as it is used in photocatalysts, 4 transparent conducting materials, 5 and dye-sensitized solar cells. 6 As the characteristics of the photocatalytic reaction and solar-energy conversion are governed by photocarriers, which promote a chemical reaction or generate electric potential, it is important to study the photocarrier dynamics and transport processes. Although extensive time-resolved microwave photoconductivity, 7 transient absorption, 8 terahertz spectroscopy, 9 time-resolved reflectance, 10 and other similar studies have been made, the carrier dynamics, which determines the electronic properties of TiO 2 , still remains unclear.
In studying photocarrier dynamics, photoluminescence ͑PL͒ spectroscopy is one of the most versatile and commonly used tools. However, no intrinsic PL has so far been reported in rutile TiO 2 bulk crystals at room temperature, except for that due to impurity or defects, 11 and this prevents us from a deep understanding of the photocarrier dynamics of TiO 2 crystals. In this Brief Report, we report the observation of blue PL in highly photoexcited rutile TiO 2 at room temperature. The PL intensity and dynamics depend strongly on the photogenerated carrier density. The PL dynamics is well explained by a simple model involving nonradiative singlecarrier trapping, radiative bimolecular recombination, and three-body Auger recombination. However, under extremely high excitation, the excitation-density dependence of the blue PL intensity and dynamics deviates from that expected from the simple rate equation model. This unusual behavior can be explained by considering the nearly degenerate conduction bands of rutile crystals.
We used commercially available nondoped rutile and 0.05 mol % Nb-doped rutile single crystals ͑Furuuchi Chemical Co.͒. The faces of the samples, which were 0.5 mm thick, were oriented along the ͓100͔ direction. Timeresolved PL measurements were performed using a streak camera and a monochromator. The time resolution of our setup was 40 ps. The excitation light source was an optical parametric amplifier system based on a regenerative amplified mode-locked Ti:sapphire laser with a pulse duration of 150 fs and a repetition rate of 1 kHz. The excitation photon energy was 3.35 eV. The laser spot size on the sample surface was measured carefully using the knife-edge method. Figure 1͑a͒ shows the time-integrated PL spectrum of the nondoped rutile crystal under an excitation of 4.2 mJ/ cm 2 . The optical absorption spectrum is also shown in the figure. The PL spectrum has a broad asymmetric peak at around 2.8 eV. We confirmed that the spectrum shape is independent of the excitation photon energy. The large Stokes shift ͑E s = 0.2 eV͒ and broad spectral width ͑full width at half maximum: 0.4 eV͒ indicate that the localization of photocarriers plays an essential role for the blue PL. This blue PL band is observed only under the intense pulse laser excitation, but no blue PL is observed under weak continuous-wave ͑cw͒ excitation. We also observed similar blue PL in electron-doped rutile ͑Nb: 0.05 mol %͒ under a relatively low-excitation density of 31 J / cm 2 , as shown in Fig. 1͑b͒ . The blue PL in Nb-doped rutile is observed even under cw excitation. These results indicate that the blue PL in nondoped and electrondoped rutile is related to high-density carriers in the samples. Figure 2͑a͒ shows the PL decay dynamics monitored at 2.8 eV in nondoped rutile under excitation of 0.22, 3.9, 17, and 33 mJ/ cm 2 . In nondoped rutile, under a low-excitation density below 0.4 mJ/ cm 2 , the PL decay dynamics shows a single exponential decay with a time constant of 22 ns. When the excitation density exceeds 0.4 mJ/ cm 2 , a fast and nonlinear decay component appears. The PL decays faster as the excitation density increases. This suggests that the PL decay dynamics under high density excitation is dominated by nonlinear recombination processes such as nonradiative Auger recombination. The PL decay dynamics in Nb-doped rutile under a weak excitation of 31 J / cm 2 is shown in Fig. 2͑b͒ . As shown in the inset of Fig. 2͑b͒ , the PL intensity of electron-doped rutile shows a linear dependence on the excitation density, I ex , unlike that of nondoped rutile. This indicates that the blue PL in electron-doped rutile originates from the bimolecular recombination of chemically doped electrons and photoexcited holes, and thus the blue PL is observed even under weak photoexcitation in electron-doped rutile. The PL decay profile shows single exponential decay with a decay time of 9 ns, which is faster than that of the nondoped rutile under weak excitation density, indicating that the Auger recombination of doped electrons and photoexcited holes ͑electron-hole-electron Auger process͒ dominates the PL dynamics in electron-doped rutile. The PL decay dynamics is almost independent of the excitation density below 100 J / cm 2 , where the photocarrier density is much smaller than the doped carrier density.
The rate equation for photocarriers in semiconductors is usually described by the following equations: [12] [13] [14] 
where n and I PL ͑t͒ are the photocarrier density and PL intensity, respectively. In the Eq. ͑1a͒, the first term represents the single-carrier trapping process. The B coefficient is composed of the radiative bimolecular recombination and nonradiative trap-assisted Auger recombination processes. The Cn 3 term represents the nonradiative Auger recombination, which involves the electron-electron-hole and electron-holehole processes. Based on the above carrier recombination model, we discuss the blue PL dynamics of rutile. The excitation density dependence of the blue PL intensity and PL decay time in rutile is summarized in Fig. 3 . Here, we defined the decay time t 1/e by I PL ͑t 1/e ͒ = I PL ͑0͒ / e, where I PL ͑t͒ is the PL intensity at time t. The photogenerated carrier density N 0 is estimated from the incident photon number and the optical absorption coefficient. 15 Figure 3͑a͒ shows the decay time t 1/e as a function of the excitation density. The decay time stays almost constant at around 22 ns below 0.4 mJ/ cm 2 and gradually decreases as the excitation density increases. The excitation-density dependence of the PL intensity is shown in Fig. 3͑b͒ . Under the low-excitation density ͑below 3 mJ/ cm 2 ͒, the PL intensity shows the quadratic dependence on the excitation density, indicating radiative bimolecular recombination of photoexcited electrons and holes. When the excitation density ex- The calculated curve for the decay time almost coincides with the experimental results. However, we find a significant difference between the calculated PL intensity and the experimental result in the high excitation-density region. Moreover, the initial PL intensity I 0 ͓=I PL ͑0͔͒ as a function of the excitation density is shown in the inset of Fig. 3͑b͒ . Whereas the initial PL intensity shows the quadratic dependence on the excitation density below 3 mJ/ cm 2 , saturation occurs when the excitation density is high. We also plotted the calculated PL decay curves using Eqs. ͑1a͒ and ͑1b͒ with the above A, B, and C coefficients in Fig. 2͑a͒ . The calculated curves show large disagreement with the experimental results under extremely high-density excitation. This behavior is completely different from that of other typical semiconductors such as Si ͑Refs. 12 and 13͒ and SrTiO 3 ͑Refs. 14, 16, and 17͒ and is an essential feature of rutile.
To understand the origin of the anomalous excitationdensity dependence of the PL behavior under extremely high-density excitation, we consider the unique band structure of rutile. The optical absorption measurement 18, 19 and band calculation 20, 21 revealed that rutile is a direct-forbidden gap semiconductor: the direct transition ͓⌫͑conduction band͒ → ⌫͑valence band͔͒ is dipole forbidden, and the indirect-allowed transition ͓M → ⌫ ͑Ref. 20͒ or R → ⌫ ͑Ref. 21͔͒ is nearly degenerate with the directforbidden transition. The energy separation between the direct-forbidden and indirect-allowed transitions is estimated to be 10-50 meV. 19, 22, 23 This "nearly degenerate band model" has been used to describe the unusual temperature dependence of the conductivity and Hall coefficient in rutile. 24, 25 Following the nearly degenerate conduction-band model, the electron distribution between the lower-energy direct band ͑⌫ point͒ and the higher-energy indirect band ͑R or M point͒ states will be strongly dependent on temperature and excitation density. This causes the unusual excitationdensity dependence of the PL behaviors in rutile. In our experiment at 300 K ͓Fig. 3͑b͔͒, the PL intensity saturation occurs at around 7 mJ/ cm 2 , corresponding to a photocarrier density of N 0 = 1.4ϫ 10 20 cm −3 . For the effective mass of rutile m ‫ء‬ =7-20m e , [25] [26] [27] we can obtain the Fermi level E F =6-20 meV from the bottom of the conduction-band edge,
‫ء‬ ͒, which is consistent with the energy separation between the direct and indirect bands. Thus, we believe that the carrier distribution in the nearly degenerate conduction bands plays an essential role in carrier recombination dynamics under high-density excitation.
Because the thermal energy is comparable to the energy separation between the lower and higher conduction bands, the carrier recombination process is complicated at 300 K as mentioned above. To clarify the effect of the nearly degenerate conduction bands on PL dynamics we measured the PL spectrum and dynamics at 8 K where electron population in the higher-energy conduction band is negligibly small. We can analyze the PL dynamics at low temperatures without considering thermal population effects. Figure 4 shows the time-integrated PL spectra in nondoped rutile under excitations of ͑a͒ 0.6 mJ/ cm 2 and ͑b͒ 33 mJ/ cm 2 at 8 K. We observed several PL lines ͑A-E͒ under a low-excitation density of 0.6 mJ/ cm 2 . Amtout and Leonelli 19 have assigned the peak A to 2p xy direct exciton PL and peaks B-E as phonon replicas of the ⌫ 5 symmetry of 1s excitons. However, under high excitation ͑33 mJ/ cm 2 ͒, a broad PL component appears in addition to the sharp PL lines. As is evident from the decomposed spectra shown in Fig. 4͑b͒ ͑dotted curves͒, the broad blue PL also appears at low temperatures. We have confirmed that the broad blue PL appears under high-density excitation in the temperature range from 8 to 300 K. The peak energy and spectral width of the broad PL show no dependence on the temperature and the photocarrier density.
The excitation-density dependence of the broad blue PL intensity and exciton PL ͑peak A͒ is shown in Fig. 4͑c͒ , where the broad blue PL and exciton PL are monitored at 2.65 eV and 3.05 eV, respectively. Under low-excitation density ͑below 10 mJ/ cm 2 ͒, the broad blue PL and exciton PL intensity show quadratic and linear dependences on the excitation density, respectively. When the excitation density exceeds 10 mJ/ cm 2 , both broad blue and exciton PLs saturate. This observation suggests that under extremely high-density excitation hot electron-hole pairs are formed and the excitation-density dependence of the blue PL intensity and dynamics deviates from that expected from the simple rate equation model because of electron-density distribution between the lower-energy direct and the higher-energy indirect conduction bands. At present, we consider that the electrons in higher-energy indirect band immediately recombine with photoexcited holes through nonradiative Auger recombination, and then the saturation of the blue PL intensity occurs under extremely high-density excitation.
Since the initial PL intensity of direct excitons ͑peak A͒ is proportional to the initial photoexcited electron density in the lower-energy direct conduction band ͑N L ͒, we plotted the initial PL intensity and the decay time of broad blue PL as functions of the exciton PL ͑peak A͒ intensity in Fig. 5 . The initial PL intensity shows quadratic dependence on the carrier density in the direct band. The decay time is almost constant in the low-carrier-density region, and it shows N L dependence in the high-carrier-density region. The solid curve shows fitting result by using t 1/e =1/ ͑2A +2CN L 2 ͒, where we neglected B coefficient in Eq. ͑1a͒ because of low PL efficiency. The fitting result reproduces the experimental results closely. Therefore, we conclude that the excitationdensity dependence of the broad PL in rutile is determined by the electron density in the direct conduction band at low temperatures. The PL behavior is well explained by the simple model involving single-carrier trapping, bimolecular recombination, and Auger recombination processes. At room temperature, the PL behavior is strongly influenced by thermal distribution between the lower-energy direct and the higher-energy indirect conduction bands.
Finally, we comment on the origin of the broad PL band. Based on time-resolved PL measurements, we confirmed that the spectrum shape of the broad PL band is time and excitation-density independent, which means that the origin of the broad PL is not electron-hole plasmas. Actually, the excitation density in this study ͑Ͻ6 ϫ 10 20 cm −3 ͒ is smaller than the exciton Mott density in rutile ͑n c ϳ 10 21 cm −3 ͒. The large Stokes shift and spectral width of the blue PL indicates that the initial state of the PL is a low-energy localized state rather than a band-edge delocalized state. Because only a free exciton PL is observed under low-density photoexcitation at low temperatures, the initial photocarriers exist in the free band-edge state rather than self-trapped state 28 ͑such as a self-trapped exciton or a polaron͒. At present, we consider that the localized states are induced by defects or unintentional impurities. In addition, quadratic dependence on the excitation density shows that the two-body inelastic scattering such as carrier-carrier or exciton-exciton scattering occurs during the luminescence process. Thus it is likely that the free photocarriers initially produced by photoexcitation are scattered to low-energy localized states through twobody collisions and then recombine radiatively. This recombination process is analogous to P-line emission in highly photoexcited semiconductors. 29 We conclude that nonlinear carrier recombination processes determine the blue PL spectrum and dynamics.
In conclusion, we discovered blue PL in nondoped rutile TiO 2 single crystals under high-density photoexcitation using a pulsed laser. A similar PL band is observed in electrondoped rutile even under weak cw excitation. The blue PL in nondoped and electron-doped rutile is related to high-density carriers in the samples. By considering the nearly degenerate conduction bands of rutile, we revealed that the blue PL dynamics is determined by the electron density in the lowerenergy conduction band. The PL decay dynamics is well explained by the simple model involving two-body radiative recombination and three-body Auger recombination processes. Our findings provide a deep understanding of the carrier recombination process of TiO 2 crystals and photocatalytic reactions and solar-energy conversions in 
